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Spin-orbit-torque (SOT) switching using the spin Hall effect (SHE)1,2 in heavy metals3, 4, 5, 6 
and topological insulators (TIs) 7,8 has great potential for ultra-low power magnetoresistive 
random-access memory (MRAM). To be competitive with conventional spin-transfer-torque 
(STT) switching, 9 a pure spin current source with large spin Hall angle (θSH > 1) and high 
electrical conductivity (σ > 105 Ω-1m-1) is required. Here, we demonstrate such a pure spin 
current source: BiSb thin films with σ  ~ 2.5×105 Ω-1m-1, θSH ~ 52, and spin Hall conductivity 
σSH ~ 1.3×107 ℏ
𝟐𝟐𝒆𝒆
Ω-1m-1 at room temperature. We show that BiSb thin films can generate a 
colossal spin-orbit field of 2770 Oe/(MA/cm2) and a critical switching current density as low 
as 1.5 MA/cm2 in Bi0.9Sb0.1 / MnGa bi-layers. BiSb is the best candidate for the first industrial 
application of topological insulators. 
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MRAM is an emerging non-volatile memory technology that is gaining steam in various 
applications with no idling power consumption, un-limited endurance, and fast read/write time. 
Commercial MRAM uses STT switching method to write data to magnetic tunnel junctions (MTJs). 
In this method, a spin-polarized charge current IC is injected from the reference layer to the 
recording layer of a MTJ, generating a spin current CS )2/( PIeI = , where   is the reduced Plank 
constant, e is the elementary charge, and P is the spin-polarisation of the reference layer. This 
limits the amount of spin current generated by a given IC and makes it difficult to reduce the writing 
current. Indeed, the writing current and writing energy of MRAM is worse than conventional 
volatile memory technologies by one order of magnitude. In addition, high writing current requires 
large driving transistors, which makes it difficult to increase the bit density of MRAM. Recently, 
SOT switching using the giant SHE in heavy metals and TIs has attracted much attention as an 
alternating writing method for MRAM. In SOT switching, a spin Hall layer is in contact with the 
recording magnetic layer. A charge current flowing in the spin Hall layer can generate a pure spin 
current that exerts a spin torque on the recording layer. The spin current generated by this way is 
given by CSHS )/)(2/( ItLeI θ= , where L is the MTJ size and t the thickness of the spin Hall layer.  
Since L/t is about 10 in realistic MTJs, SOT switching may be more effective than STT switching 
if θSH > 1. Such giant θSH has recently been observed in several TIs, such as Bi2Se3 (θSH = 2-3.5 at 
300 K) (Ref. 7), BixSe1-x (θSH = 18.8 at 300 K) (Ref. 10), and (Bi0.5Sb0.5)2Te3 (θSH = 150-450 at 
cryogenic temperature) (Ref. 8). Because of their large band gap and low carrier mobility, however, 
the conductivity σ of those TIs is at most 6×104 Ω-1m-1, which is much lower than that of typical 
ferromagnetic and non-magnetic metals used in realistic MRAM (for example, σ  ~ 6×105 Ω-1m-1 
for CoFeB and 5×105 Ω-1m-1 for Ta). This causes a serious problem for TIs as spin Hall materials: 
when a TI layer is attached to a metallic ferromagnet and a Ta capping/buffering layer, most of the 
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charge current is shunted through those metallic layers and does not contribute to generation of 
pure spin current in the TI layer. To be used in realistic SOT-MRAM, the spin Hall material must 
have both large θSH and high σ. Here, we face a dilemma: heavy metals (such as Pt, Ta, and W) 
have high σ but small θSH (~ 0.1), while TIs have large θSH but low σ. There is no spin Hall material 
so far that can satisfy both conditions simultaneously.  
Here, we demonstrate that BiSb can satisfy both conditions. Bi1-xSbx (0.07 ≤ x ≤ 0.22) is a 
very narrow-gap TI with strong spin orbit coupling. 11  Its non-trivial topologically protected 
surface states have been confirmed by the angle-resolved photoemission spectroscopy 
(ARPES)12,13,14 and magneto-transport measurements15,16. Despite being the first 3 dimensional 
TI identified by ARPES, BiSb has received little attention due to its very small bulk band gap (< 
20 meV) and complex Fermi surfaces. However, BiSb is very attractive as a spin Hall material: 
thanks to its high carrier mobility (~104 cmV-1s-1), its bulk conductivity is as high as 
4×105~6.4×105 Ω-1m-1, compatible to other metallic materials used in realistic MRAM. Recently, 
we have developed epitaxial growth technique for high quality BiSb thin films using molecular 
beam epitaxy (MBE),17 and obtained σ = 4×105~6×105 Ω-1m-1for BiSb thin films thicker than 80 
nm, and σ =1×105~4×105 Ω-1m-1 (averageσ ∼ 2.5×105 Ω-1m-1) for BiSb thin films thinner than 25 
nm in the TI region  (0.07 ≤ x ≤ 0.22) (see Supplementary Information). In this work, we investigate 
the performance of thin BiSb films as a pure spin current source in various BiSb / MnGa bi-layers. 
We observe a colossal spin Hall effect of θSH ~ 52 and σSH ~ 1.3×107 
ℏ
2𝑒𝑒
Ω-1m-1 at room temperature, 
making BiSb the best candidate for the spin current source in ultra-low power SOT-MRAM. 
The BiSb / MnGa bi-layers in this work were deposited on semi-insulating GaAs(001) 
substrates with crystallographic orientation of Bi0.9Sb0.1(012)//MnGa(001)//GaAs(001) by MBE. 
By optimizing the growth condition, we can obtain high quality BiSb / MnGa bi-layers with 
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atomically smooth interface, despite the large lattice mismatch between MnGa(001) and 
BiSb(012) (see Method and Supplementary Information for details). Here, we choose MnGa as a 
model ferromagnet because its large perpendicular magnetic anisotropy (> 10 Merg/cc), large 
uniaxial anisotropy field (> 40 kOe), large coercive force (> 1.5 kOe), and high conductivity 
(5×105 Ω-1m-1) represent well those would be used in futuristic ultra-high density SOT-MRAM. 
Furthermore, by adjusting the Mn composition, we are able to fabricate Mn0.6Ga0.4 layers with 
perfect perpendicular magnetisation, and Mn0.45Ga0.55 layers with titling magnetisation which are 
convenient for evaluation of the spin-orbit field generated by the BiSb layer. Figure 1(a) shows 
the schematic Bi0.9Sb0.1 (10) / Mn0.6Ga0.4 (3) (thickness in nm) bi-layer and the coordinate system 
used in this work. An electric current was applied along the x direction, while an external magnetic 
field Hext was applied in the z-x plane at an angle θ with respect to the z axis. Figure 1(c) shows 
the out-of-plane magnetisation curve of the bi-layer measured at various temperatures. The 
magnetisation of the 3 nm-thick Mn0.6Ga0.4 layer in this bi-layer is the same as that of high quality 
stand-alone Mn0.6Ga0.4 thin films grown on GaAs(001), indicating that there is no interfacial 
magnetic dead layer. The bi-layers are then patterned into 100 µm-long and 50 µm-wide Hall bars 
for transport measurements, as one shown in Fig. 1(b). The Hall bars are mounted inside a liquid 
nitrogen cryostat which acts as a heat sink to minimize the effect of Joule heating. Figure 1(d) 
shows the Hall resistance RH of a Hall bar under a perpendicular magnetic field (θ = 0) at 150 K, 
measured with various current density J = 0.2 – 15.4×105 A/cm2. Here, J is the nominal current 
density of the Hall bar, defined as I/[w*(tBiSb + tMnGa)], where I  is the applied current (10 mA 
maximum), w = 50 µm is the width of the Hall bar, tBiSb = 10 nm and tMnGa = 3 nm are the thickness 
of the BiSb and MnGa layer, respectively. The Hall resistance is dominated by the anomalous Hall 
effect which reveals the perpendicular magnetisation component of the Mn0.6Ga0.4 layer. We 
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observed a systematic reduction of the coercive force Hc of the Mn0.6Ga0.4 layer when J increased. 
The reduction ∆Hc is as large as 2 kOe at a modest J =15.4×105 A/cm2. To make sure that this 
reduction of Hc is not the result of Joule heating of the Mn0.6Ga0.4 layer, we prepared a Hall bar 
from a stand-alone Mn0.6Ga0.4 (3) layer, and measured its Hall resistance under various J. As seen 
in Fig. 1(e), we observed no clear change of Hc up to J = 46.7×105 A/cm2, which is 3 time higher 
than the highest current density applied in Fig. 1(d). This indicates that the reduction of Hc shown 
in Fig. 1(d) is not the result of Joule heating. Indeed, for the Joule heating to be the origin of the 
large ∆Hc = 2 kOe, the Mn0.6Ga0.4 layer temperature had to increase from 150 K to 250 K (see Fig. 
1(c)), which is unlikely given the very small J used in our experiments, comparing with J ~ 107 - 
108 A/cm2 used in previous studies using heavy metals as the spin Hall layer. Furthermore, we 
observed a significant reduction of the remanent RH at J =15.4×105 A/cm2, which was not observed 
in the magnetisation curve at 250 K. Therefore, we conclude that the large reduction of Hc is the 
result of an in-plane spin-orbit field generated by spin current injection from the BiSb layer. Figure 
1(f) shows ∆Hc as a function of the current density JBiSb in the BiSb layer. Here, JBiSb is calculated 
using σBiSb = 2.5×105 Ω-1m-1and σMnGa = 5×105 Ω-1m-1. The gradient ∆Hc/∆JBiSb is as large as 3700 
Oe/(MA/cm2) at high JBiSb (dashed line in Fig. 1(f)).  
In order to quantitatively evaluate the spin Hall angle of BiSb, we prepared another bi-
layer Bi0.9Sb0.1 (10) / Mn0.45Ga0.55 (3) with tilting magnetic domains, as shown in the inset of Fig. 
2(a). The blue and the red curves in Fig. 2(a) show the in-plane and out-of-plane magnetisation 
curve of the as-grown bi-layer at room temperature.  Because of the tilting magnetisation, the out-
of-plain magnetisation does not saturate until a perpendicular Hext ~ 20 kOe is applied. The in-
plane magnetisation shows small remanence, but rapidly increases up to an in-plane Hext ~ 4 kG, 
then slowly increases and saturates at an in-plane Hext ~ 50 kOe. The initial rise of the in-plane 
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magnetisation at the small in-plane Hext indicates reorientation of the magnetic domains toward 
the in-plane Hext direction, while the slow increase at the in-plane Hext > 4 kG reflects their tilting 
toward the horizontal direction. This unique magnetic behaviors of the Mn0.45Ga0.55 layer allow us 
to directly evaluate Hso as discussed below. Figure 2(b) shows the RH of a 100 µm × 50 µm Hall 
bar made from the bi-layer in Fig. 2(a) under nearly perpendicular Hext at room temperature. Hext 
is slightly tilted at θ ~ 2° so that its in-plane component at 8 kG can reorientate those tilting 
magnetic domains toward the x direction and induces an in-plane Mx component of the Mn0.45Ga0.55 
layer (see Fig. 1(a) and the inset in Fig. 2(a)). Since the direction of the damping-like spin-orbit 
field Hso is given by mσ ×−  , where  σ is the spin polarisation unit vector of the spin current 
along the y direction and m is the unit vector of the magnetisation direction, there is an out-of-
plane component Hso-z of the spin-orbit field associating with Mx. The existence of such Hso-z 
component can be seen in Fig. 2(b); the remanence and coercive force of the RH hysteresis 
systematically increase with increasing positive J. This clearly cannot be explained by Joule 
heating which can only reduce but not enhance the remanent RH and coercive force. For a reference, 
we show the RH hysteresis with reduced remanence and coercive force at a negative J = -7.7×105 
A/cm2. We also found that the field-like spin-orbit field is negligible (See Supplementary 
Information). To further confirm the effect of Hso-z, we measured RH under an in-plane Hext (θ=90°). 
Figure 2(c) and 2(d) show the RH-Hext (θ=90°) hysteresis at J = 13.8×105 A/cm2 and J = -13.8×105 
×105 A/cm2, respectively. We observed that RH rapidly increases up to Hext ~ 4 kG, and then 
gradually decreases at Hext > 4 kG. This behavior is consistent with the in-plane magnetisation 
curve shown in Fig. 2(a); at Hext = 0~4 kG, the magnetic domains are rapidly reoriented toward 
the x-directions so that Hso-z and RH reach their maximum value at 4 kG, after that the magnetisation 
begins tilting toward the x direction and RH decreases. Furthermore, we observed that Hso-z and RH 
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switch its directions when direction of Mx or J is switched, consistent with the behavior of SOT. 
These data also show that θSH of BiSb has the same sign as those of (Bi0.5Sb0.5)2Te3 (Ref. 8), Bi2Se3 
(Ref. 7) and Pt (Ref. 5). Next, we evaluate the spin Hall angle from data in Fig. 2(b). We note that 
at Hext = -Hc(J) (the coercive force at a given J), the net perpendicular magnetisation component 
is zero, so there is only the in-plane magnetisation component. The situation at Hext = -Hc(J) is 
shown in the inset of Fig. 2(b). At this point, Hso points to the z direction and counters Hext, 
meaning that the shift of the coercive ∆Hc is nothing other than Hso. Therefore, we obtain Hso = 
3.1 kOe at J = 13.8×105 A/cm2 (JBiSb = 11.2×105 Α/cm2), yielding a colossal spin orbit field of 
Hso/JBiSb = 2770 Oe/(MA/cm2) at room temperature. This value is much larger than those of heavy 
metals and TIs reported before, such as Ta ~ 6.8 Oe/(MA/cm2) in Fe (1.1) / Ta (7.2), Pt ~ 2.9 
Oe/(MA/cm2) in Fe (0.5) / Pt (2.3) (Ref. 18), and BixSe1-x ~100 Oe/(MA/cm2) in CoFeB (5) / 
BixSe1-x (4) (Ref. 10). The room-temperature spin Hall angle, calculated by 
BiSb
SO
MnGaMnGaSH
2
J
HtMe

=θ , is 52, which is the highest value reported so far.  
In order to demonstrate SOT switching with ultra-low current density using the colossal 
spin Hal effect of BiSb, we prepare a 100 µm × 50 µm Hall bar of a Bi0.9Sb0.1 (5) / Mn0.45Ga0.55 
(3) bi-layer. Figure 3(a) and 3(b) demonstrate the SOT switching of the MnGa layer when 
applying100 ms pulse currents to the Hall bar and an in-plane Hext = + 3.5 kOe and -3.5 kOe, 
respectively. We observed clear switching at an average critical current density of J = 1.5×106 
Α/cm2 (JBiSb = 1.1×106 Α/cm2). Here, the critical current density is defined at which the Hall 
resistance changes sign. Furthermore, the switching direction is reversed when the in-plane Hext 
direction is reversed, consistent with the behavior of SOT switching. The observed critical current 
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density is much smaller than those of Ta (5) / MnGa (3) (J = 1.1×108 A/cm2),19 IrMn (4) / MnGa 
(3) (J = 1.5×108 A/cm2), 20 and Pt (2) / MnGa (2.5) (J = 5.0×107 A/cm2). 21 
BiSb has many characteristics that make it the best candidate for the pure spin current 
source in SOT-MRAM. Its conductivity is comparable to typical ferromagnetic and non-magnetic 
metals used in MRAM, while its spin Hall angle is as large as 52 at room temperature. It can be 
grown well on ferromagnetic metals without creating a magnetic dead layer. Table 1 summarisesσ, 
θSH, and σSH of several heavy metals and TIs at room temperature. In term of σSH, which is 
considered as the figure of merit for spin Hall materials, BiSb outperforms the nearest competitor 
(Pt) by a factor of 30. Using BiSb, we have demonstrated both colossal spin-orbit field of 2770 
Oe/(MA/cm2) and SOT switching at a low critical current density of 1.5×106 Α/cm2, even though 
the MnGa ferromagnet used in our bi-layer has higher PMA by one order of magnitude than those 
used in previous room-temperature SOT switching experiments in Bi2Se3/CoTb (Ref. 24) and 
BixSe1-x /CoFeB (Ref.10). These double check the colossal spin Hall effect of BiSb. Here, we 
estimate the critical switching current for a BiSb-based SOT-MRAM with size of 37 nm and a 5 
nm-thick BiSb layer as the spin current source. Since the magnetic properties of the MnGa layer 
used in our work (MSt ~ 750 (emu/cc)nm, coercive force ~ 1.6 kOe, and anisotropic magnetic field 
~ 50 kOe) are close to those used in realistic perpendicular MTJs, we assume the same critical 
current density of  1.5×106 Α/cm2. This yields a critical switching current of 2.2 µA, which is one 
order of magnitude smaller than that of STT-MRAM at the same size (24 µA).25 Therefore, the 
switching power can be reduced by at least one order of magnitude. Furthermore, since SOT-
MRAM can be switched one order of magnitude faster than STT-MRAM,26 the switching energy 
can be reduced by at least two orders of magnitude. That means BiSb-based SOT-MRAM can be 
very competitive to even SRAM, and is the suitable ultra-low-power memory for internet-of-thing 
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applications. As over ten years have passed from the proposals27,28 and the first realisation of TIs,29 
BiSb emerges as the best candidate for the first industrial application of TIs. 
 The observation of colossal spin Hall effect in BiSb leaves many open questions about the 
physics of spin Hall effect in TIs. Even though stronger spin-orbit interaction and larger spin Hall 
effect are expected for BiSb than Bi3Se2 or (Bi,Sb)3Te2 thanks to its very small band gap, the 
observation of colossal σSH = 1.3×107 
ℏ
2𝑒𝑒
Ω-1m-1 is unexpected. Because of the very small band gap, 
the electric current flows in both the surface and the bulk of BiSb, thus contribution of both surface 
and bulk spin Hall effect should be taken into account. However, first-principle calculation of the 
bulk intrinsic spin Hall effect of BiSb yields a maximum value of 4.9×104 ℏ
2𝑒𝑒
Ω-1m-1 when the Fermi 
level is in the band gap, which can account for only 0.37% of the observed value (although very 
large bulk intrinsic 
σ
σθ SHSH
2

e
= is possible from the calculation since the bulk σ ~ 0 at zero 
temperature). 30 Furthermore, the bulk extrinsic mechanism such as side-jump or skew-scattering 
is unlikely the main mechanism given the high carrier mobility and low scattering rate in BiSb 
alloys. We therefore suggest that the topological surface states of BiSb(012) are mainly responsible 
for the observed colossal spin Hall effect in BiSb. Detailed observation of the BiSb(012) surface 
states by ARPES is needed for unlocking the secret of the colossal spin Hall effect in BiSb.,  
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Methods 
MBE growth. The thin films were grown on semi-insulating GaAs(001) substrates by using 
ultrahigh vacuum MBE system. After removing the surface oxide layer of the GaAs substrate at 
580oC, a 100 nm-thick GaAs buffer layer was grown to obtain an atomically smooth surface. The 
substrate was cooled down to room temperature for deposition of a 4 monolayer Mn-Ga-Mn-Ga 
template. Then, the substrate was heated up to 250oC for deposition of a MnGa thin film with the 
total thickness of 3 nm. A Bi0.1Sb0.9 layer was grown on top of the MnGa layer at 200oC with the 
rate of 1 nm/min. Finally, the samples were cooled down again to room temperature for deposition 
of an As thin cap layer. The growth process was monitored in situ by reflection high energy 
electron diffraction.  
Hall bar fabrication. The samples were patterned into 100 µm × 50 µm Halls bar by optical 
lithography and Ar ion milling. An 150 nm-thick Au with a 5 nm-thick Cr adhesion layer were 
deposited as electrodes by electron beam evaporation. 
SOT measurements.  A Keithley 2400 Sourcemeter was used as the current source for DC and 
pulse measurements. For the pulse measurements, a 100 ms pulse was first applied, then a small 
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DC current of 0.1 mA was applied to measure the Hall resistance. The Hall voltage was measured 
using an ADCMT 7461A Digital Mutilmeter or a Keithley 2182A Nanovolmeter. The Hall bars 
were mounted inside a cryostat equipped with a rotatable electromagnet. The cryostat was not 
cooled for room temperature measurements, but was cooled by liquid nitrogen for low temperature 
measurements.  
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Table 1. Room-temperature spin Hall angle θSH, conductivity σ, and spin Hall conductivity 
σSH of several heavy metals and TIs. 
 
 θSH σ  (Ω-1m-1) 
σSH  
( ℏ
𝟐𝟐𝒆𝒆
Ω-1m-1) 
β-Ta (Ref. 4) 0.15  5.3×105 0.8×105 
β-W (Ref. 22) 0.4 4.7×105 1.9×105 
Pt (Ref. 23) 0.08 4.2×106 3.4×105 
Bi2Se3 (Ref. 7) 2-3.5 5.7×104 1.1-2.0×105 
BixSe1-x (Ref. 10) 18.8 7.8×103 1.47×105 
Bi0.9Sb0.1 (this work) 52 2.5×105 1.3×107 
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Figure 1. Structure, magnetic properties, and SOT effect in the Bi0.9Sb0.1 (10) / Mn0.6Ga0.4 (3) 
bi-layer with perfect perpendicular magnetic anisotropy. a, Schematic structure of the 
Bi0.9Sb0.1 (10) / Mn0.6Ga0.4 (3) (thickness in nm) bi-layer and the coordinate system used in this 
work. b, Micrograph of a 100 µm × 50 µm Hall bar device. c, Out-of-plane magnetisation curves 
of the bi-layer at different temperatures. d, Hall resistance RH of a Hall bar under a perpendicular 
magnetic field Hext (θ = 0) at 150 K, measured with various current density J = 0.2 – 15.4×105 
A/cm2. e, RH of a Hall bar of a stand-alone MnGa (3) layer. f, Reduction of the coercive force ∆Hc 
of the bi-layer as a function of the current density JBiSb in the BiSb layer. 
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Figure 2. Magnetic properties and SOT effect in the Bi0.9Sb0.1 (10) / Mn0.45Ga0.55 (3) bi-layer 
with tilting magnetisation. a, In-plane (blue) and out-of-plane (red) magnetisation curve of the 
as-grown bi-layer. Inset shows the tilting magnetic domains of the Mn0.45Ga0.55 layer. b, RH of a 
100 µm × 50 µm Hall bar of the bi-layer under a slightly tilting perpendicular magnetic field (θ = 
2°), measured with various current density J = -7.7 – 13.8×105 A/cm2. Inset shows the 
perpendicular spin-orbit field Hso acting on the magnetisation vector M at Hext = -Hc (coercive 
force) c,d, RH as a function of an in-plane Hext (θ = 90°) at J = +13.8×105 A/cm2 and -13.8×105 
A/cm2 , respectively. All data in figures a-d are taken at 300 K. 
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Figure 3. Room-temperature current induced magnetization switching in the Bi0.9Sb0.1 (5) / 
Mn0.45Ga0.55 (3) bi-layer. a,b, RH of a 100 µm × 50 µm Hall bar of the bi-layer under 100 ms pulse 
currents and an in-plane Hext of +3.5 kOe and -3.5 kOe, respectively. 
(b)
Bi0.9Sb0.1(5)
Mn0.45Ga0.55(3)
Hext x
(a)
Bi0.9Sb0.1(5)
Mn0.45Ga0.55(3)
Hext x
1 
 
Supplementary Information 
 
A conductive topological insulator with colossal spin Hall effect  
for ultra-low power spin-orbit-torque switching 
Nguyen Huynh Duy Khang1, Yugo Ueda1, and Pham Nam Hai1,2* 
1Department of Electrical and Electronic Engineering, Tokyo Institute of Technology, 
2-12-1 Ookayama, Meguro, Tokyo 152-0033, Japan 
2 Center for Spintronics Research Network (CSRN), The University of Tokyo, 
7-3-1 Hongo, Bunkyo, Tokyo 113-8656, Japan 
*Corresponding author: pham.n.ab@m.titech.ac.jp 
  
2 
 
1. Conductivity of BiSb thin films 
Figure S1(a) shows the conductivity σ of BiSb thin films at various thickness and Sb 
atomic concentration at 270 K. In the TI area (7% < x < 22%), σ = 4×105~6×105 Ω-1m-1for BiSb 
thin films thicker than 80 nm, which are the same as bulk values. For thinner films (< 60 nm), 
σ is reduced to 1×105~4×105 Ω-1m-1 (averageσ ∼ 2.5×105 Ω-1m-1). Figure S1(b) shows the 
representative temperature dependence of σ  for a representative 10 nm-thick Bi0.92Sb0.08 thin 
film. σ shows metallic behavior as observed in various thin BiSb films, which reflects the 
conduction in the surface states.17 
 
 
Figure S1. Conductivity of BiSb thin films. (a) Conductivity σ of BiSb thin films at various 
thickness and Sb atomic concentration at 270 K (Ref.17). (b) Temperature dependence of σ  for 
a representative 10 nm-thick Bi0.92Sb0.08 thin film. 
 
2. RHEED patterns during growth of the BiSb / MnGa bi-layers 
Figure S2 shows the RHEED patterns during growth of the BiSb / MnGa bi-layers. The 
RHEED patterns of both MnGa (3) and BiSb (10) are streaky, indicating good crystal quality. 
Particularly, the interface between MnGa and BiSb is atomically flat, as seen in Fig. S2(c) and 
S2(d).  
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Figure S2. RHEED patterns during growth of the BiSb / MnGa bi-layers. (a) After 
deposition of the 4 monolayer Mn-Ga-Mn-Ga template, (b) after annealing the template at 250°C, 
(c) after growth of the 3 nm-thick MnGa layer, (d) after growth of a 1 nm-thick BiSb layer at 
200°C, and (e) after growth of the 10 nm-thick BiSb layer. 
 
To check the crystallographic orientation of the BiSb / MnGa bi-layers, we grew a thick BiSb 
(20) / MnGa (10) bi-layer, and performed X-ray diffraction measurements. Figure S3 shows the 
θ-2θ XRD spectrum of the BiSb (20) / MnGa (10) bi-layer. The XRD spectrum indicates that the 
crystallographic orientation is BiSb(012)//MnGa(001)//GaAs(001). 
 
Figure S3. θ-2θ XRD spectrum of a BiSb (20) / MnGa (10) bi-layer. The crystallographic 
orientation is BiSb(012)//MnGa(001)//GaAs(001). 
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3. Absence of the field-like spin-orbit field 
In addition to the damping-like spin-orbit field Hso described in the manuscript, there is 
possibly a field-like spin-orbit field HT generated by BiSb. In this section, we will show that HT 
is negligible by analyzing the magnitude of the RH loops of the Bi0.9Sb0.1 (10) / Mn0.45Ga0.55 (3) 
Hall bar under a slightly tilting perpendicular magnetic field (θ = 2° toward the x direction) (full 
data set are shown in Fig. 2(b) of the manuscript). Here, we consider a situation when HT was 
comparable with Hso, i.e. its strength was ~ 1 kOe at the highest J = 13.8×105 A/cm2. Since HT is 
along the y direction, it can generate a non-zero My component for the Mn0.45Ga0.55(3) layer. 
Therefore, there would be contribution from the planar Hall resistance RPHE in addition to the 
anomalous Hall resistance RAHE to the total Hall resistance RH. Unlike Hso, however, the 
direction of HT depends only on the direction of J, but not M. Figures S4(a) and S4(b) show the 
direction of Mx, My, and Mz at a perpendicular Hext = 8 kG and -8 kG, respectively. In Fig. S4(a), 
Mx > 0, My > 0, and Mz > 0, thus RH(8 kG) = RPHE*sin(2φ) + RAHE, where φ = tan-1(My/Mx). In Fig. 
S4(b), Mx < 0, My > 0, and Mz < 0, thus RH(-8 kG)= RPHE*sin[2(π-φ)] - RAHE = -RPHE*sin(2φ) - 
RAHE. That means the magnitude of the RH loop is given by RPHE*sin(2φ) + RAHE, and would be 
enhanced by the amount of RPHE*sin(2φ). As a result, one would expect that the magnitude of the 
RH loops would systematically increase with increasing J. However, as seen in Fig. 2(b) of the 
manuscript, the magnitude of the RH loops does not change when J is increased from 0.2×105 
A/cm2 to 13.8×105 A/cm2. This indicates that HT is negligible, and that RH has only contribution 
from RAHE. 
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Figure S4. Direction of Mx, My, and Mz under a slightly tilting perpendicular magnetic field 
Hext (θ = 2° toward the x direction), assuming a non-zero field-like spin-orbit field HT. (a) 
When Hext = 8 kG, and (b) when Hext = -8 kG, respectively. 
